Abstract | Humans are not (and have never been) alone. From the moment we are born, millions of microorganisms populate our bodies and coexist with us rather peacefully for the rest of our lives. This microbiome represents the totality of micro-organisms (and their genomes) that we necessarily acquire from the environment. Micro-organisms living in or on us have evolved to extract the energy they require to survive, and in exchange they support the physiological, metabolic and immune capacities that have contributed to our evolutionary success. Although currently categorized as an autoimmune disorder and regarded as a complex genetic disease, the ultimate cause of rheumatoid arthritis (RA) remains elusive. It seems that interplay between predisposing genetic factors and environmental triggers is required for disease manifestation. New insights from DNA sequencebased analyses of gut microbial communities and a renewed interest in mucosal immunology suggest that the microbiome represents an important environmental factor that can influence autoimmune disease manifestation. This Review summarizes the historical clues that suggest a possible role for the microbiota in the pathogenesis of RA, and will focus on new technologies that might provide scientific evidence to support this hypothesis.
Introduction
Since the invention of the microscope by Antony van Leeuwenhoek in the 17 th century, it has become evident that humans have never lived alone. While describing his observations of what he called oral plaque "animalcules" to the Royal British Society, van Leeuwenhoek noted, "…that the people living in our United Netherlands are not as many as the living animals that I carry in my own mouth this very day." He was not far off. Indeed, this geo-arithmetical relationship has now been calculated, and the micro-organisms sharing our body spaces total around 100 trillion, outnumbering human cells by a factor of ten. 1 The human gut alone harbors roughly 3 lbs of bacteria, whose collective genome encodes around 3 million different genes-100 times more than that of its human host. 2 The term microbiome-as coined by Joshua Lederberg four centuries after the first description of van Leeuwenhoek's animalcules-defines the ecological communities of commensal, symbiotic, and pathogenic micro-organisms that literally share our body space. 3 Most of these micro-organisms have been all but ignored as determinants of health and disease. 4 Through this extended view of self, humans can be regarded as a 'super organism' , composed of an ensemble of human and nonhuman cells (and their genomes) that constitute our body. The human microbiome has coevolved with us in a mutually beneficial relationship. These microbes -through the cellular constituents encoded by their genomes-provide us with physiological, metabolic and immune capacities in exchange for nutrients extracted from our body sites.
In 2007, the NIH launched the Human Microbiome Project (HMP), to gain a better understanding of the com plex biological interactions between humans and the micro-organisms they harbor. 5 Through the utiliza tion of revolutionary culture-independent techniques, investigators in the HMP hope to fulfill two main aims: to characterize the microbial communities found at several different sites on the human body; and to analyze the role of these microbes in human health and disease. Autoimmune disorders occupy a prominent position among diseases that have long been thought to be triggered by micro-organisms. 6 In particular, accumulating evidence suggests that the oral and intestinal microbiomes have a role in the development of rheumatoid arthritis (RA). Here, we summarize the historical, anthropological and epidemiological clues supporting this idea and describe the technological (massive paral lel DNA sequencing) and scientific (mucosal immunology and host-microbe interactions) advances in microbiomics, which shed new light on the part played by micro-organisms in the pathogenesis of RA.
be discovered in the future, 9 enough data now exist to indicate that genetic predisposition to RA is not a guaran tee of developing this disease. Most importantly, the prevalence of RA concordance in monozygotic twins in European studies is ≤15%, 10, 11 and it is unclear whether this level actually exceeds the risk of developing RA that exists in the general population. 12 Although genes contribute to RA susceptibility, interaction between genetic effects and environmental factors is required to explain the observed differences in incidence of the disease, such as those mentioned above. Environmental risk factors associated with RA development include hormones, smoking and infection. 13 It has been hypothesized that RA originated in the New World and has 'spread' to the rest of the planet as a result of 16 th and 17 th century expeditions by Euro peans. The geographical dissemination of RA could have been brought about through contact with environ mental factors (such as pathogens or dietary components that altered the microbiome), mixture of genes (through breeding), or a combination of genetic and environmental factors. Evidence to support this theory comes from different sources. Firstly-whereas gout, spondyloarthropathies and osteoarthritis have all been accurately and extensively described in historical texts and paleopathological studies, [14] [15] [16] [17] [18] no mention of RA exists in any medical or general literature until the 19 th century (Figure 1) . Furthermore, inconclusive evidence of RA can be drawn from the history of fine arts before the paintings of Rubens (early 17 th century). Himself afflicted by a severe form of RA, Rubens clearly reflected his condition in his later works. 19 More interest ing, although debated, are the paleo pathological studies by Rothschild et al. 20 describing RA in six skeletons dating from 3,000-6,000 B.C. and found in north western Alabama, USA. These remains had clear evidence of symmetric, erosive, peripheral polyarthritis without axial disease or distal interphalangeal involvement. As no indication of RA was found in Old World skeletons, 21 Rothschild 22 Conversely, studies conducted in SubSaharan Africa and Asia-the populations that most recently gained contact with European conquerors-have described a much lower frequency of RA in the populations inhabiting these areas, 23, 24 with white and European rates seeming to fall somewhere in between. 25 Finally, although recently stabilized, overall RA incidence has decreased proportionally to the use of antibiotics since the widespread introduction of these agents to the clinic in the first half of the 20 th century. 26 The idea that oral or intestinal micro-organisms are associated with the development of RA is not novel. For more than a century, several investigators have subscribed to this theory and many have sought to link intestinal microbiota to the etiology of RA: from the albu minous putrefaction therapies of Andrews and Hoke, to the toxemic factor hypothesis of Carl Warden, 27 and recent attempts by Toivanen et al. using gas chromatography. 28 Similar efforts by other groups pointed towards perio dontal disease and its polymicrobial burden as the cause of RA. The oral sepsis hypothesis, 29 which became widespread in the 1900s, led to the use of teeth extraction as a prevalent treatment of disease and was used very intensively in the treatment of RA for several decades. A vast body of literature has now been published showing epidemiological associations between the presence of periodontal disease and RA. Indirect evidence (mostly from nonspecific serological analyses) also suggests that certain bacterial phylotypes are involved in the pathogenesis of RA. Most recently, Porphyromonas gingivalis, a periodontopathic bacterium, has been recognized as a possible link between periodontitis, peptide citrullination, autoantibody formation and joint inflammation. 30, 31 The RA-periodontitis connection has been extensively reviewed elsewhere 32, 33 and, therefore, in this Review we will focus on recent findings relating to the intestinal microbiome and RA.
The DNA sequencing revolution
Since Louis Pasteur and Robert Koch redefined modern microbiology, the prevailing paradigm has stated that in order to be considered the cause of disease, a microorganism must: a) be found in abundance in organisms with the disease but not in healthy controls; b) be isolated and cultured from an organism with the disease; c) cause disease when inoculated into healthy controls; and d) be reisolated in identical form and shape from the inoculated organism. However, from their very beginnings the Koch and Loffler postulates lacked, 34 for a number of important reasons, a universal application. Firstly, many bacteria, such as Vibrio cholerae and Salmonella, are found in asymptomatic individuals. Secondly, not all subjects exposed to an infectious agent, Mycobacterium tuberculosis for example, will acquire the infection, as host factors are undoubtedly primordial and natural selection might have led to differences in genetic susceptibility to pathogens (immune competency). Finally and most recently, with the advance in DNA sequencing technologies, it became clear that the vast majority (as much as 80%) of bacteria living in our body cavities have never been cultured, 35 largely because the nutrients and conditions commonly used in the laboratory do not favor the growth of most micro-organisms (particularly the anaerobes). Therefore, the scientific community has taken advantage of culture-independent DNA sequencing to perform taxonomic identification and to elucidate bacterial enzymatic function.
The 16S ribosomal RNA (16S rRNA) is a component of the 30S subunit of prokaryotic ribosomes, regions of which are highly conserved between different species of bacteria. The 16S rRNA gene is, therefore, useful for phylo genetic studies 36 because universal PCR primers targeting these conserved regions can be used to amplify the gene in parts to provide the complete nucleotide sequence of the 16S rRNA without prior knowledge of which bacterial species are present. 36 Concomitantly, the 16S rRNA gene also contains hypervariable regions that provide species-specific signature sequences and enable unbiased bacterial identification utilizing next-generati on sequencing platforms. 37, 38 This approach answers the question of bacterial iden tity in a given ecological niche ('who are they?') and, thus, can be used to characterize the complexity of microbial communities present at different sites in the human body ( Figure 2 ). However, 16S rRNA gene sequen cing does not provide insight into the capacities pro vided by the molecular machinery encoded by the genes of the human microbiome, considered by many as our second genome. 39 Therefore, whole-genome shot gun sequencing is used to enable the identification of metabolic and enzymatic pathways present in the microbial com munities, and to answer the question, 'what are they doing?' 40 ( Figure 2 ). The international scientific community has recently established roadmaps for the HMP 41 and the European Commission's MetaHit consortium. 42 Their common mission, as a complement to the Human Genome Project, is to generate resources enabling comprehensive characterization of the human microbiome and analysis of its role in human health and disease.
The microbiome and its host
Development of the human microbiome Humans and other mammals undergo embryonic maturation protected by a closed, sterile, micro-organism-free environment. However, soon after birth, the neonate's gut is colonized by bacteria derived from the surfaces contacted during, or soon after, delivery (mainly vaginal flora in vaginally delivered infants or skin-associated bacteria in the case of cesarean section). 43 After a short period of rela tive instability, in which a few bacterial species compete for survival and alternate their dominance, phylogenetic richness and species diversity increase over time. 44, 45 By the end of the first year of life, a typical adult microbiota profile emerges, which becomes increasingly stable with age. At this stage, more than 1,000 different species from a dozen different divisions colonize the gastro intestinal tract. 42, 46 However, the human intestine is dominated by just two divisions of bacteria (Bacteroidetes and Firmicutes), which combined represent more than two-thirds of the total gut microbiota. 35 Astoundingly, the composition of the adult human gut microbiome can be classified into just three distinct and stable combinations (enterotypes) that appear across populations from a variety of backgrounds. 47 These enterotypes are dictated by the bacterial species present and are independent of individual host properties. Whereas the highly specific and refined selection process involved in establishment and maintenance of the microbiome remains poorly understood, the symbiotic processes and bidirectional cross-talk between microbiome and host immune system are increas ingly appreciated. Indeed, the idea that commensal bacteria are a mere group of passive organisms that obtain nutritional benefit at the host's expense has become untenable. Compelling evidence obtained over the past 3 years demon strates that the intestinal microbiota is able to shape the immune system to maintain homeostasis in healthy states or promote inflammation when the composition of the microbial community becomes im balanced (dysbiosis). 48 Keeping the microbiome in check Multiple protective mechanisms prevent the gut microbiota from accessing the intestinal lamina propria and the Figure 2 | Culture-independent genomic analysis of the human microbiome. Culture-independent techniques have advanced our capacity to survey complex microbial communities in human samples. Well-characterized individuals (healthy and diseased) are asked to donate samples for microbiome analyses. Two metagenomic sequencing approaches are utilized. Conserved and variable 16S rRNA genomic regions are amplified and subjected to pyrosequencing. The resulting sequences are then aligned, filtered and compared to publicly available databases of 16S rRNA sequences, enabling taxonomic classification of bacteria present or absent in a given sample. Whole genome shotgun sequencing provides information that enables identification of genes present and allows for subsequent comparison of enzymatic pathways and functions represented among different samples. Enzymatic databases are also available to assist in the identification of protein function, enabling the richness and diversity of functional capacities provided by the microbiome to be assessed. Abbreviations: PCR, polymerase chain reaction; rRNA, ribosomal RNA.
systemic compartment (Figure 3a) . A physicochemical barrier composed of a thick mucus layer, 49 antimicrobial proteins, 50 and secretory IgA antibodies 51 coalesces to minimize the contact between the commensal microbes in the gut lumen and intestinal epithelial cells that line the gut wall. Bacteria escaping this initial 'buffer zone' encounter a second defense strategy, a physical boundary provided by the tight junctions formed between the intestinal epithelial cells. 52 downstream inflammatory responses. The lamina propria innate immune cells, constantly surveying the contents of the gut lumen in search of undesirable antigens, constitute another defense mechanism. 53 Intestinal macro phages phagocytose micro-organisms and kill them within intracellular organelles containing digesting enzymes and reactive oxygen species. Con comitantly, lamina propria dendritic cells (DCs) behave as APCs (antigen-presenting cells) by presenting foreign peptides loaded into their MHC class II molecules; engagement of these molecules by B-cell or T-cell receptors primes these cells to initiate an adaptive immune response. Most recently, the influence of the gut microbiota on CD4 + T-cell differentiation and the subsequent nature of adaptive immune response has been clarified. 48 The existence of a complex network of receptors, cytokines and transcription factors in naive T helper cells allows for their biological plasticity, enabling them to differentiate into several proinflammatory or anti-inflammatory subsets. Type 1 T helper (T H 1) cells, for example, develop in response to detection of intracellular pathogens. By contrast, type 2 T helper (T H 2) and type 17 T helper (T H 17) cells are predominantly stimulated after identification of extracellular organisms. Regulatory T (T REG ) cells counterbalance these proinflammatory factors by actively downregulating inflammation through activation of their specific transcription receptor factor, forkhead box protein P3 (FoxP3), and the subsequent generation of anti-inflammatory cytokines, such as IL-10. Therefore, a delicate equilibrium is in place to maintain a basal state of physiological gut mucosal inflammation. In a healthy gut environment, T H 1, T H 17, and T REG cells all act in concert with B cells, DCs, epithelial cells and phagocytic cells to prevent commensal organisms from causing damage to the host. 54 Immune homeostasis-it takes two to tango How did the human immune system learn to fight and eradicate pathogens while tolerating the massive antigenic burden of commensal-symbiotic microbiota? This question remains a matter of intense research. How ever, critical work suggests that even single gut bacterial species can be sufficient to tilt the homeostatic balance of the immune system in either direction. Bacteroides fragilis, a common culturable commensal, supports antiinflammatory responses by activating IL-10-producing T REG cells through a specific capsular component, polysaccharide A (PSA). This molecule exploits the TLR2 signaling pathway to actively suppress immunity and, simultaneously, dampen T H 17 responses. 55 A defined set of indigenous intestinal Clostridia species demonstrated similar T REG -cell-inducing properties. 56 On the other hand, commensal segmented filamentous bacteria (SFB) were shown to be sufficient to induce production and activation of lamina propria T H 17 cells, which subsequently secrete their signature proinflammatory cytokine, IL-17. 57 
Dysbiosis and autoimmune disease
As introduced above, the gut microbiota has a considerable impact on the maintenance of a local homeostatic balance owing to its proximity to the host's intestinal immunity and its ability to influence immune res ponses. There fore, it is reasonable to expect that dysbiosis might lead to inflammatory bowel disease (IBD) and related conditions. 58 Indeed, multiple lines of evidence suggest that an increase in pathobionts (microbial symbionts that can cause disease after alterations in gut environment) and/or a decrease in symbionts (commensal species with beneficial effects to the host) creates imbalance in the immune responses by the innate and adaptive systems, 59 resulting in the initiation of an inflammatory cascade with subsequent local tissue disruption and clinical disease. The findings presented in a paper published in 2011 clearly exemplify this theory, by demon strating that the inflammasome pathway-a key component of the innate immune response that ultimately leads to production of the proinflammatory IL-1 and IL-18 cytokines-is required to maintain health. Knockout of various inflammasome-related genes in mice (including deletion of the genes encoding NLRP6 [NACHT, LRR and PYD domains-containing protein 6], ASC1 [Asctype amino acid transporter 1], caspase-1, or IL-18), results in proliferation of Prevotella and TM7 phylotypes, which leads to exacerbation of colitis. 60 Remarkably, wild-type animals demonstrate a similar disease phenotype when co-housed with knockout animals. Until recently, however, the concept that gut microbiota could influence the peripheral immune system or cause extraintestinal immune-driven disease was difficult to imagine. 54 Seminal independent studies, performed by different groups, 61, 62 have altered this notion through the demonstration that single commensal bacterial species can drive a local adaptive immune response, which subsequently triggers or prevents autoimmunity at distant tissue sites, such as the central nervous system (Figure 3b) . For example, studies in experimental autoimmune encephalomyelitis (EAE), an animal model of human MS (multiple sclerosis), suggest that alteration of the intestinal microbiome can enhance disease penetrance and severity. 63 Conversely, oral immunization with an attenuated Salmonella typhimurium expressing the colonization factor antigen I protects against both EAE and collagen-induced arthritis. 64 In the collageninduced arthritis model, IL-35 activates CD39 + T REG cells that, in turn, induce immune suppression and arthritis abrogation via IL-10 production. 65 The microbiome and RA pathogenesis
Evidence from germ-free animal models Several studies have established the importance of the gut microbiota in the proper immune system maturation and competency by taking advantage of experiments comparing animals raised under germ-free conditions (through the use of special isolators that preclude the presence of bacteria) with those housed in conventional cages. A similar rationale was also used to assess the influence of intestinal bacteria as triggers for inflammatory arthritis in various susceptible animal models (Figure 4) . A rich literature exists in which the authors have sought to establish possible associations between microbes and arthritis. 66 However, given the focus and space limitations for this Review, we will herein illustrate this area of study with the aid of a few notable examples.
The first description of the possible involvement of bacterial flora in the pathology of arthritis came in the late 1970s when rats raised under germ-free conditions developed severe joint inflammation with 100% pene trance in an adjuvant-induced arthritis model, while conventionally raised controls showed only mild disease at a very low incidence. 67 This finding suggests that, although a microbiota is not necessary for the development of arthritis, its presence has a potential suppressive effect through modulation of the immune response. The mecha nism behind this suppressive effect remains unclear. The humoral immune system is not a pre requisite for arthritis, as germ-free rats do not produce specific autoantibodies to heat-shock protein (hsp) 65 and yet do develop clinical disease. This observation seems to indicate that immunity to hsp65 in experimental arthritis is unrelated to disease and may instead be regarded as an epiphenomenon dependent on the presence of gut flora. 68 These findings were followed by several reports attributing either protective 69, 70 or pro arthritogenic 71, 72 roles to certain Gram-negative entero bacteria (strains of Escherichia coli and Bacteroides species) when introduced into otherwise germ-free arthritis-prone rats. An important observation implicating commensal gut flora in a different model for arthritis was made by Taurog et al. in 1994, when they showed that HLA-B27 transgenic rats (a spontaneous model of spondyloarthro pathy) raised in a germ-free environment did not develop inflammatory intestinal or peripheral joint disease, whereas inflammatory lesions in the skin and genitals were unaffected by the germ-free state. 73 Another notable and classical example with similar findings was reported in a streptococcal cell wall-induced rat arthritis model. In this model, animals reared conventionally are resistant to joint inflammation, whereas germ-free rats become susceptible to arthritic disease, mainly through loss of T-cell tolerance. 74 These findings support the concept that gut and joint inflammation are interconnected through the part played by the commensal gut flora in immune homeostasis. Whether flora is protective or deleterious for joint health might also be related to the host genetic background, as differing experimental results described above were conducted using alternate rat strains with various degrees of arthritis susceptibility.
Evidence from gnotobiotic animal studies The use of gnotobiotic animals (germ-free mice that are colonized with defined microbiota at specific stages of REVIEWS their life) has enhanced our understanding of the role of gut microbial communities in systemic disease. IL-1 receptor antagonist-knockout (Il1rn -/-) mice, which spontaneously develop an autoimmune T-cell-mediated arthritis, did not develop disease when raised in a germfree environment. However, monocolonization of Il1rn -/-mice with the commensal Lactobacillus bifidus resulted in rapid disease onset, of comparable severity and incidence to the arthritis observed in non-germ-free mice. 61 L. bifidus-triggered arthritis in this model is driven by an imbalance in T REG -T H 17 cell homeostasis and mediated through TLR2-TLR4 signaling.
Gnotobiotic studies have also been performed in the K/BxN T-cell receptor transgenic model of inflammatory arthritis, which is caused by autoreactive T-cell-driven production of autoantibodies against glucose-6-phosphate isomerase. In this case, arthritis is attenuated in germ-free animals and this decrease in disease is linked to a deficiency of peripheral T H 17 cells. Introduction of a single gut-residing commensal, SFB, restored the disease phenotype, while arthritis was strongly inhibited if K/BxN mice were treated from birth with antibiotics targeting SFB. 62 Joint inflammation in SKG mice, another T H 17-driven RA-like disease model, is also dependent on the presence of micro-organisms, although fungal phylotypes and cell wall components seem more relevant to pathogenesis in these animals. 75 Taken together, these data suggest that a particular intestinal microbiota is required to trigger (if not drive) systemic autoimmunity leading to inflammatory arthritis in animal models of RA-like disease. These findings also support the notion that a state of dysbiosis might require genetic host susceptibility, as illustrated by the inability of wild-type animals to mount an inflammatory response even in the presence 'proarthritogenic' gut flora.
Insight from human arthritides
Proof-of-principle that the 'gut-joint axis' hypo thesis is relevant to human rheumatic disease can be found in the pathogenesis of several arthritides. Spondylo arthropathies, particularly reactive arthritis and IBD-related arthritis, are the most prevalent examples. 76, 77 Jejunoilealbypass-associated arthritis, which now occurs infrequently due to the use of bariatric banding alternatives to this procedure, can also be included in this cate gory. Several reports have associated this condition with bacterial overgrowth and deposition of resultant immune complexes in the synovium. 78 Arguably, however, the human model best fitting the gut-joint axis hypothesis is represented by classic Whipple disease, in which the presence of a single bacterium in the small intestine, Tropheryma whipplei, is sufficient for the development of joint inflammation in predisposed individuals. 79 Long before the vastness of the human microbiome was unveiled, the rheumatology community embraced therapeutic regimens that targeted the entero-arthropathy connection; several have been classified as DMARDs and are still in use today. In the 1940s, sulfa salazine became the first rationally designed drug in the field of rheumatology. As RA was thought to be caused by strepto cocci found in milk, 80 sulfasalazine was created as a deliberate attempt to combine a sulfonamide anti biotic with a salicylate anti-inflammatory agent through an azo bond. This 'combination therapy' showed good initial results in RA, 81 before sulfasalazine went out of use for several decades (although it remained as standard of care for IBD). More rigorously designed trials rescued sulfasalazine from darkness, when it was shown to be superior to placebo 82 and equivalent to methotrexate when used in combination with the antimalarial agent hydroxychloroquine. 83 Today, the triple DMARD therapy (combination of sulfasalazine, hydroxychloroquine and metho trexate) remains one of the few first choices for all patients with RA who demonstrate poor prognostic features and moderate or high levels of disease activity, regardless of disease duration. 84 Furthermore, the efficacy of triple DMARD therapy is equivalent to that observed for combined use of methotrexate and a biologic agent in early RA. 85 In several studies, tetracycline antibiotics have also been proven efficacious in the treat ment of early seropositive RA, 86, 87 leading to the approval of one of these, minocycline, as a DMARD. Des pite encouraging clinical outcomes, the underlying mechanisms of action for all these drugs have never been completely elucidated.
Future directions
Several studies addressing the role of the gut microbiota in RA pathogenesis are currently underway. Intriguingly, patients with RA have defective circulating T REG cell function 88 and increased abundance of T H 17 cells (and their signature cytokine, IL-17) in both plasma and the syno vium. 89, 90 Conceivably, intestinal dysbiosis could lead (in a predisposed host) to a break in immune tolerance, followed by a systemic immune disequilibrium that ultimately favors proinflammatory responses resulting in tissue damage in the periphery (for example, joints).
Given preliminary data, 91 one can speculate that patients with RA carry a distinctive enterotype, which might either trigger or drive autoimmunity in individuals with genetic predisposing factors. Alternatively, different enterotypes might prove protective, even in genetically predisposed individuals. If either of these hypotheses can be established, it would open multiple avenues for the identification of potential therapeutic targets, biomarker discovery, or even the development of preventive approaches in RA. Mechanistic studies will then be required to establish causation, including gnotobiotic experiments in humanized mice, monocolonization of animal models with candidate organisms, and host immune response evaluation.
Conclusions
A fine equilibrium between 'peace-keeping' and potentially proinflammatory intestinal bacteria is necessary to keep gut immunity in check and prevent a state of dysbiosis, which might lead to local and distant deleterious consequences in the host. Impressive advances in sequencing technologies, compelling animal data and mounting human evidence suggest that gut microbiota indeed play a part in the pathogenesis of diseases such as autoimmune arthritis.
Well-defined human studies using 16S rRNA pyrosequencing methods, coupled with shotgun analyses and gnotobiotic experiments, are needed to better understand if and when the intestinal community composition in patients with RA differs from that in healthy populations. Prospective studies evaluating the microbiomehost relationship in RA are also necessary to establish not only potential causation, but also the effects of immuno suppressive therapies on the microbiota, which might subsequently impact on the host's well-being. A deeper understanding of the biological complexities of our 'two genomes' will help in the elucidation of possible triggering factors in RA and close the gap in our knowledge regarding the role of gene-environment interactions in other autoimmune processes involved in disease pathogenesis.
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We searched for original articles and abstracts focusing on the microbiome in MEDLINE, PubMed, the Google Scholar search engine and the American College of Rheumatology website with no restriction on publication date. The search terms used in various combinations were "microbiome", "rheumatoid", "arthritis", "infection", "gnotobiotic" and "germ-free". All papers identified were English-language full-text papers and abstracts. We also searched the reference lists of identified articles for further papers of relevance.
